MPlR-28-2006 16:59 From: BFF LLP 



6503ET3E31 



To:USPTO 



P. 40/59 



E 3c'H f £3 } T J2L ; 

htt^genomobiolpgy.cofn/lOO l/3/l/rcvisws/300 (.1 

I 

i 

Protein family review i 
The Wnts 

Jeffrey R Miller v | 

i 

Address: Department of Genetics, Celt Biopsy and Development, University of Minnesota* Minneapolis. MN 55455* USA. 
E-mail: innic38o®mail.Tii«d.uuin,edu 

Pvbfi * hecj; 79 Dacwuber 200 1 ■ 

Genome Bhto& 200 I . }< I );n»vi«ws3 03 1,1 -300 1. IS ■ 

The electronic version of this irtJde it the complete o/ve and can bi KM 
found online at http^/gwmc Wology.« om/200 1 /3/I /revi*wi/JCQ P B9 

© fiteMed Caniral Ltd (Print H65-6906; Onfino ISSN 1 4dS-69 1 4) flj 



Summary 

The Wnt genes encode a farjje family of secreted protein growth factttrs that have been identified 
in animals from hydra to humans. In humans, 19 WNT proteins have been identified that share 
27% to 83% amlno-acld sequence Identity and a conserved pattern of 23 or 24 cysteine residues. 
Wot genes arc highly conserved between vertebrate spedes sharing overall sequence identity and 
gene structure, and are styghriy less conserved between vertebrates and Invertebrates. During 
development, Wnts have diverse rotes "m governing cell fete, proliferation, migration* polarity, and 
death, in adults, Wnts function In homeostasis, and Inappropriate activation of the Writ pathway 
is implicated in a variety of cancers. 



Gene organization and evolutionary history 

Gene organisation 

In humans, 19 WNT gene* have been identified and the chro- 
mosomal locution* of each is known (see Table a) [1-6]. 
Several human WNT genes are located very clone lo each 
other in the fcenonie [7,8 J; these include vtfNVb and WNTioa, 
which arc located immediately adjacent to one another on 
chromosome 2 (about 6.4 kilobasca (Kb) apart), and WNTi 
and WNTi ob, which arc located adjacent lo each other on 
chromosome ia (about 8.1 kb apart). WNTS and WNTlOa are 
transcribed in opposite directions, whereas WNTi and 
WNT job are expressed from the same strand of UNA. Several 
additional pairs of WNT j^ncs arc aUo cloistered within the 
human genome, including WNTi and WNT16 (about 4 
encgabascs (Mb] apart), WTvT^a and WNT14 (about 250 kb 
apart), and WNTj and WNT15. In the mouse, there are at 
least 18 Wtd genes and the locations of all but two of them 
have been determined [1-3.5,6]. As in humans, the mouse 
Wnti/Wntjob, Wru6/Wnaon> and Wnts/Wntis fcene pairs 
are each located on the same chromosomes, and in the case of 
the Wntl/Wntiob and Wnt6/Wteioa j>airs the close proxim- 
ity of these genes has been conserved from mouse to human. 
Interestingly, in the Drosophila genome, the paralojjous 
genes wingless iwg), DWnt6 and DWnU o. are located imme- 
diately adjacent to one another on the second chromosome 
and are all transcribed in the same orientation. Thus, rt is 



possible that there was an ancient duster Of Wnt ycneS con- 
sisting of Wnti, Wnt6 and WhfiO in a common ancestor of 
vertebrates and arthropods. Jn vertebrates, this cluster may 
have been duplicated with subsequent loss of Wnti from one 
duster and Wnt6 from the other. 

The majority of human WNT genes contain four coding 
exons, with exon 1 containing the initiation methionine 
(Figure 1a) TBI- WNT genes that differ from this pattern 
include WNTi4> with three exens, WNT2> WNT5b> and 
WNTii, with five exons, and WNT8b with six exons. Several 
tVN7s - WNTsh/i3> WNT8a/d, and WNT16 - have alterna- 
tive amino or CTrbnvyi termini, which result from the use of 
alternative 5' or 3' exons. 

Evolutionary history 

Tlie deduced evolutionary relationships of 18 of the 10 
known human WNT genes arc shown in Figure 2. The 
majority of Wnt proteins share about 35% ammo-add 
sequence Identity, although members of a subgroup (those 
with the same numeral, such as WNT3 and WNTsa) share 
increased sequence identity (from 58% to 83%) and some 
overlapping sites of expression. Members of subgroups arc 
not closely linked within the genuine, however, suggesting 
that they were generated by gene-translocation or genomc- 
dupltcan'oa events, not by local duplication event*. 
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Tabic I 

Chromosomal location* of YfNT genes In human and moumm 
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^taciti&ns pf rnouse genes give ?hc chromosome and ihe drfta^c. in wntlroorgana (cM) from th* telomere. 'Accession numbers are far GenBank [3]. 



Whi genes have been identified in vertebrates and inverte- 
brates, but appear to be absent from plants, unicellular 
eukaryotcs such as Sacdtaromyces ccrcuixiae and from 
proksryotes. To dale* in vertebrates, 16 Wnt genns hove been 
identified in Xtsnopifs, 11 in chicly and 12 in zebrafish [5]; in 
invertebrates, tirosophita has seven Mfot genes. Caenorhab- 
il/h* ekgans five and Hydra at least cue [5]. The apparent 
evolutionary relationships between selected invertebrate and 
vertebrate Wnt genes are shown in figure 2b. In vertebrates, 
the ortholo£s lo different species are highly similar in 
sequence. For example, human WNTi and mouse Wnti an> 
98% identical, and human WNTga and Xenopus Wnt^a are 
R4S6 identical at the amino-acid level. Phylogenettc analyses 
of vertebrate and invertebrate Wnts demonstrate orthologous 
relationships between several human and Drosophila Wnfct 
(Figure 2b). 'the sequence idenliLy between ortholo^uuy pro- 
teins in humans and flies ranges from 21% between human 
WNTfta/d and Drosophila DWntS to ^1% sequence inp.nrity 
lxrtwccn human WNTi nnd Drosophila Wingless (Wg>. 
The evolutionary relationship between the five C. elegans 
Wnt genes and human WNT genes is less apparent, making it 



difficult tu deLerminc which C elegans Wnt genes may have 
ortholofis in the human genome. 

Characteristic structural features 
Hainan WOT protein* arc all very similar in size, ranging in 
molecular weight from 39 kDa (WNI7a) to 46 kDa 
(WMTloa) [3). Drosophila Wnt proteins are alio similar to 
this, with the exception of Wg, which is approximately 
54 kDa and has an Internal insert not found in vertebrate 
Wnts, and DWnt3/5, which is about 112 kDa [3]. Very litde 
is known about the structure of Wnt proteins, as they arc 
notoriously insoluble, but all haw 23 or 24 cysteine residues, 
the spacing of which is highly conserved (Figure ib), sug- 
gesting thnt Wnt protein folding may depend on the forma- 
tion of multiple intramolecular disulfide bonds. Analysis of 
the signaling activities of chimeric Wnt proteins has shown 
that the car boxy- terminal region of Wnt proteins may play 
a role in determining the specificity of responses to 
different Wnts [9]- Furthermore, deletion mutants lacking 
the carboxy-terminal third of a Wnt protein can act as 
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Figure I 

(a) Structures of selected member* of the human Wtfr put famBy. 
e^on-s ^nj ihown as boxes and iotrofu is iLnei. For each jono. RNA' 
represent* th« portion of the gen© thac i» transcribed fend 'CDS' 
raprftiftiui th* portion that encodes pf oWK WHTBdd Is an example of a 
wKh 3' allsrnadvB splicing and WNT (6 a an exampl* of 3 g«rw with 
alternatively used 5' ckou, (h) Structml facuras of the Wnt pf oceto. 
The amfcio tenrinm contalni a signal sequence (S), Ad Wnu contain 23 
or 24 conserved cysteine residues (C) with similar spacing su&esdnj thic 
the folding of Wnt proteins depends on the formation of multiple 
intramolecular disulfide botds. 



dominant-negatives in a cell-non -autonomous manner |ioJ, 
suggesting that the anmut-termmal region may mediate 
interactions with "Wnt receptors but requires the carhoxyi 
terminus to activate these receptors. 



Localization and function 
Post*trai\xiationaJ modifications and scenetlon 

Wnt proteins have an amino- terminal si&na] sequence, can 
act in a cell non-auto nomouij manner, and are present in the 
secretory pathway, Indicating that they are secreted proteins 
(nj. Tn addition, genetic analyses of Wg signaling in 
Drosophila uncovered mutations in the porcupine gene that 
show a lack of Wnt activity due to the retention of Wg protein 
in the endoplasmic reticulum [13-14]. The porcupine gene is 
predicted to encode a protein with eight transmembrane 
domains and has a perinuclear localization in tnmsfceted 



cells [i4t ovcrcxprosAion of porcupine does not increase levels 
of secreted Wg but does change the pattern of Wg glycosyia- 
tion [14]. In worms, mom-i encodes a porcupine homolog 
and, when mutated, phcnocopScs mutants of tnom-2, which 
encodes a Wnt, suggesting that the function of paj«eup£rt£ is 
conserved (15,16]. Although size chromatography suggests 
that Wg Le secreted as a muttimer, it remains unclear 
whether Wnt pmtrrinfl in general are secreted as monomers, 
oligomers, or as pan of a mnlti -protein complex [17]. Wnt 
proteins are glycosylated, bur mutation of some or all of the 
predicted glycosylation sites in mouse Wnu does not abolish 
its activity in cultured cells [j8]; these modifications may 
thus be unimportant for Wot function. 

Subcellular localization 

Once secreted, Wnt proteins associate with glyeosaminogly- 
eans in the extracellular matrix and are bound tightly to the 
cell surface [.19,20]. Although Wnts are found in tight associ- 
ation with the plasma membrane, it is possible to collect 
active Wnt from the medium of cultured cells [21,2.2]. 
Beyond this information, the localization of Wnt proteinn in 
vertebrates is poorly understood. Examination of the local- 
ization of Wg in fir&sopJittcii however, has provided critical 
insights into the subcellular distribution of Wnt proteins and 
the importance of this distribution for signaling activity. In 
the embryonic epidermis. Wg L* found inside cells that 
secrete Wg and in association with the plasma membrane of 
secreting rcells and non-secreting ceils several cell diameters 
from the Wg source [23], Wg U also prevalent In vesicles and 
raulti^vcsicular bodies of non-Wg-produdng ceils anterior to 
the source of Wg, suggesting tliat Wg is endocytosed [23,24]. 
This idea is supported by examination of shibire embryos, 
which have a mutation in dynarnin, a critical component of 
the endocytic machinery; these mutants have defects in Wg 
distribution, and Wg signaling activity is compromised [25J, 
Similarly, expression of a dominant- negative form o{$h(bim 
also reduces Wg activity [36]. Endocytosis may also help lo 
limit the distribution of Wg signal, in contrast to cells ante- 
rior to the Wg source, cells posterior to Wg-producing cells 
tisvc much lower levels of Wg in endocytic vesicles, and this 
asymmetry in distribution mirrors the observation that Wg 
acts over a much shorter range towards the posterior than 
towards the anterior. This difference in Wg distribution 
appears to be due to rapid degradation uf endocytosed Wg in 
posterior cells [27]. The spatially restricted pattern of Wg 
degradation is regulated by signals through the epidermal 
growth factor (EGF) receptor that hasten the destruction of 
Wg in posterior cells [27]. 

Association of Wg with specific membrane microdoroains 
also appears to play a role in controlling the distribution of 
Wg signals during DrosophftQ development In imaginal 
discs, Wg is found in spcrdalized membrane vesicles called 
argosnmes, which are thought to be derived from lipid raft 
mierodomains [28]. Incorporation of Wg into argosomes 
requires heparan sulfate proteoglycans, suggesting that 



PAGE 42/59' RCVD AT 3/28/2006 7:48:40 PM [Eastern Standard Time]' SVR:USPT0-EF XRF-5/0* DNIS:2738300 ' CSID:6503273231 ' DURATION (mm-ss):21-50 



MAR-28-2006 17:00 From: BFF LLP 



6503273231 



To:USPTO 



P. 43'59 



A Genome Btehgy Vol 3 Mo I Miller 



(a) 



Human WNTH 



-JkSSZL. 



JLZIfi. 



_JLZ2I_ 



-SLC21 



-QJQSd. 



jLcaa 



.Alia. 



Human WNTto 
Human YVNTDaM 
HuoiftiiWNTIQb 
Human wntios 

^ ft' 4 ^ Human WNTI 

JM3d — HuniartWNTIfl 

human WNT7b 
Human wwT7a 
g-Wfl .. Human WNTCb 
0 . 113 HuHnnWMT8n 
Human WNT 
Human WNTi 

MK Human WNT4 
Q OgB ■■ Human WNT3a 
SdttJ Human WNT3 



I Q.233J J 
! 0.141 . 



JBJBEL 



o.cn 



ON 



j Hurtifln WNTlG 



i c. 

I. flJW- g 



Oreeop/iHa Wrud 



-am 



tie nam mont-2 
P^S ■ Human WNt5a 



-M2. 



PS? 



Human WNT3 
Dny*ap*JbWn110 

c. efeaamm-tl 
Human WNTB 
Human WNTiOa 
C dbponsWrrtf 
Human WNT1 
Oftiftc^iJbWInglca 



Figure 2 

Predicted <^oJutwnary retedonsMp* between member* of the Wm gen* 
family, (a) Predicted relationships between 1 8 of the 19 known human 
WWT protein sequences; WNTIS was omitted because only a parti*] 
sequence is available, (b) tv.dlaid evolutionary relationship* between 
sdectad human WNT proteins (representing each large grouping shown rn 
(a}> and Wnf proteins from mouse, Xtnoput. DrtaepAda, and Oxnorbctxtitit 
efcjapt, Sequences ware nftgned using th* ClusnlW program; tree* were 
constructed from the aiipimeno using the nejghbar-toimnj method and 
are dtognmmgd us!n£ midpoint roodny. Number* tndlcata brandi lEftgdn. 



proteoglycans play a role in Porting Wg Lo specialized mem- 
brane microdojTiflinB id Wg-produciag cells or, alternatively, 
may play a role localizing Wg in distinct endcoytie compart- 
ments in receiving cell*. 

Polarized distribution of wg transcripts in embryonic epithe- 
lial cells is also reruired for optimal signaling activity. High- 
resolution in situ hybridisation analyses demonstrate that wg 
transcripts are localised aplcally in the embryonic epidermis 
and that this distribution tn mediated by two cis-acting de- 
ments found fn the 3' OTR of the ivg mRNA [ng]. Mutation of 
these elements results in uniform localization of wg tran- 
scripts and impaired Wg protein distribution and signaling. 
The asymmetric distribution of wff transcripts \$ dependent 
on dynem -mediated microtubule transport [30]. 

Function 

V/MM ond Wnt receptors 

Reception and transduction of Wnt signals involves binding 
of Wnt proteins to members of two distinct families uf cell- 
surface receptors, members of the Frizzled (Fzd) gene family 
and members of the LDL-re ccprtor-related protein (LKP) 
family [31,32]. The canonical Fid receptor has on amino- 
terminal cysteine-rich domain (CRD) that binds Wnt, seven 
transmembrane domains and a short cytoplasmic tail con- 
taining a consensus PD3S domain binding mguT (S/T-X-V in 
the single-letter ammo-acid code) at the carboxyl terminus. 
THp CRT) forms a novel protein fold with a conserved dimer- 
ization interface that may be important for Wnt binding 
[33]. VtA receptors have been identified in vertebrates and 
invertebrates; there are ten known members in humans and 
mice, four in flies, and three in worm*. The general structure 
of Fzd receptor* resembles that of seven-tratisniembrane 
G-protmn-coupled receptors, suggesting that Fzd proteins 
may use heterotrirneric G proteins to transduce Wnt signals. 
Several recent studies provide evidence consistent with this 
idea, showing that a subgroup of Fid receptor* can signal 
through the pcrtussis-toxin-sensitive subclass of het- 
erotrimeric G proteins to stimulate an increase in intracellu- 
lar Ca 2+ and activate protein Wnase C (?KQ [S4-3BJ- 
Hetcrotrimerie G proteins do not appear to be involved in 
transducing Wnt/Fsd signals that regulate the cyto skeleton- 
associated protein 0-catenin, however (sec below). 

Two members of the vertebrate LRP family, LRP-5 and 
LRP-6, can bind Wnls and may form a ternary complex 
with a Wnt and a Fzd [39]. Mutations in LRP-6 in mice 
result In developmental defects similar to those seen in 
mice dnftrient for several individual Wnt genes [40] > and 
overexpressioQ of LRP in Xenopus can activate the Wnt 
pathway [39}. In VtvtvphilQ t arrow, the ortholag of LEJP5 
and UtP6, is required for optimal Wg signaling [41]. 
Although the mechanism of LRP signaling is unclear, recent 
evidence suggests that binding of the cytoplasmic domain of 
LRP to the Wnt antagonist Axin may play u role in Wnt 
pathway activation [42]. 
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In addition to the Fzd and t.RP receptors, cdl-surface pro- 
teoglycans also nppear to have a role in the reception of Wnt 
signals. For example, genetic analyses in Drosoohila have 
ah own that several genes required for optimal Wg signaling 
encode cell-surface proteoglycans of the glypican family 
U3*44*J and proteins involved in proteoglycan synthesis 
[45M7]. Furthermore. QSulfi, an avian protein related to 
heparsn-specific ^acetyl glucosamine sulfarnscK, has also 
been shown to regulate heparan-dependent Wnt signaling in 
cultured cells It is unclear at this time how proteogly- 
cans modulate Wnt signaling, but Current Suggestions 
include concentrating Wnt proteins at the cell surface or pre- 
senting Wnt Hgands to cdl-surface receptors. 

Secreted modulators of Wnt signaling 

Wnt signals aro modulated extraceltularly by diverse 
secreted proteins, including members of the Frizded-related 
protein (FJRP or FT2B) family [49], Wnt-inhibitory factors 
(WfK-i) [50], Cerberus [51], and Dickkopf (Dkk) [55]. FR?5, 
WIF-i, and Cerberus can bind Wnt protein* directly and are 
thought to antagonize Wnt function by preventing their 
interaction with Fzd recyptorg. FRP* can also interaet with 
l*zds, suggesting Lbat a second way m which VRP$ might 
antagonize Wnt signaling is through thr. formation of a non- 
functional complex with .Fzd receptors. Humans have at 
least five PHP genes, and die tipedficity of each FRF for dif- 
ferent Wuts remain* to be determined. Dkk doe* not bind 
Wnt« but instead interacts with the extracellular domain of 
LRPs, thereby blocking activation of Wnt signaling 
1.42,53,5/1]. Four Dkk genes have been Identified in verte- 
brates, including Dkk 2, which docs not act a* n Wat antago- 
nist but rather can stimulate Wnt signaling [55]. 

Intracellular signaling pothwoys 

Wnt signals are transduced through at least three distinct 
intracellular signaling pathways including the canonical 
'Wnt/P-catenin' pathway, the 'Wn^Ca 3 *' pathway, and the 
'Wot/polarity* pathway (also called the 'planar polarity' 



pathway) [5,56-62]. Distinct sets of Wnt and Pzd ligand- 
reecptor pairs can activate each of liiese pathways and lead 
to nniojne. rpJlular responses. The Wnt/p-calcnin pathway 
primarily regulates cell fate determination during develop- 
ment, whereas the major function of the Wnt/polarity 
pathway is regulation of cytoskeletal organization. The bio- 
logical fnnction of the Wnt/Ca a+ pathway is unclear. 

"The canonical Wnt/p-catenin pathway is intensely studied, 
and on the basis of current Literature I propose the model 
illustrated in Figure 3a l59*b&M1' Signaling throngh this 
pathway depends on the levels of p-catenin in the cell. In the 
absence of Wnt, p-eatenin is targeted for degradation by a 
multi-protein destruction complex. Wnt signaling antago- 
nizes the destruction complex, leading to the accumulation 
of ^-catenin and activation of target genes. Up-to-date lists 
of proteins involved in wnt/p-catenin signaling and the 
potential roles of each of these proteins can be found on thr. 
worldwide web [5*60,62]- 

Tlie Wnt/Ca a * pathway involves an increase in intracellular 
Ca a * and activation of PKC; it can be activated by a distinct 
group of Wnt hgaftds and Fid receptors from those that acti- 
vate other pathways, including Wnt^a, Wntii and Fzda 
(Figure 3b) [58,61,62]. The Wnt/Ca** pathway involves acti- 
vation of ahefcerotrimeric G protein, an increase in intracellu- 
lar Ca ai , and aulivaiiun of caiciuni/calmodub'n-rcgulated 
kinase n (CamlOI) and PKC [34,3537]- The downstream 
targets of CamKII and PKC are currently unknown, but it has 
been shown that activation of the Wnt/Ca*+ pathway can 
antagonize the Wnt/p-catenin pathway in Xenapus, although 
it is unclear at what level this interaction occurs [65] - 

Wnt/polarity signaling regulates the polarity of cells through 
regulation of their cytoskeletal organization (Figure 3c) 
[56,57,6a]. In vertebrates, Wnt/polarity signaling is thought 
to control polarized cell movennnnts during gastrulation and 
ncurulation [66-70]. In Drosophila, Wnt/polarity signaling 



Figure 3 free the fault on the nexr pagt) 

71 w known Wnt paling pathways, (a) In the Wnt//W»tjeitin pathway. Wnt signaling depends on the steady-stats levels of the multi-functions* protein 
p-catonia In die absence erf Wnt sfcnal. a muhuprotcin destruction eomple* that includes the adenomatous polyposis coll protein (APC) and a member 
of the Axin family facilitates che phosphorylation of p^atenin by glycogen synthase kinase 3 (C$K3). CSKJ lubsra** also Include A PC and Ax|n; 
phosphorylation or each of ths» protuu Nads to enhanced binclne: of P-catenln. Phosphoryhted f>cateron is bound by the F-bcw protein P-TYCP. a 
component of an E3 ublqultln flgue complex, and is abkjwtlnated; the cblqulttn tie marts p-catenin for destruction by the proteaaome. When a cell Is 
exposed to a Wnt. the Wnt interacts with Its coreceptor* F railed and LAP, Activation of Frlrded and LRP leads to the phosphorylation of Oiih«ir«Jlod 
(Dsh), a cytoplasmic scaffold protein, perhaps through stimulation of casein kinase Ic (CKJc) and/or casein kinase I) (CKM). Dsh then functions tivough iw 
interaction with Axin to antagonise GSK.3, preventing the phosphorylation and ubicjuitJrtation of fWcaienln. In vertebrates, Inhibition of CSK3 may Involve 
the activity of GSK3 binding prottin (GBP/Prat ). which binds to both Dsh and GSK3 and can promote dissociation of G5K3 from the- destruction 
complex. Unphosphorylatad ti-catenJn escapes degradation, accumulate* In the teH and enters the nucleus, where It Interact* with members of the 
TCF/IEF family of HMG-domain transcription factor* to stimulate expression of target genes. In iddition to the components of the Wnr/p-racenin 
pathway described here, many additional proteins with potential roles In rtRutain* Wnt/f>eatenln signaling have been reported Including the phosphatase 
PP1A and the kinases Aki/protetn kinase B. tntegHn-l^kcti kir&w (ILK), and PKC (b) Signaling through the wnt/Ca** pathway appears to Involve 
acdvadon of the two pertwrs-town-sondcrve G proteins, and G^, in combination with p435]. G -protein activatJon then leads to an increase in 
mtraccHular Ca> and the subsetpienc stimulation of Ca'Vtalmodunn-de pendent kinase II (CamKD) p7]. Activation of the Wnt/Ca* 1 pathway aho results 
in stimulation of PK.C activity n th« form of the translocation of PKC to the plasma membrane [34]. Downsoream tar^eu of the Wrn/Cal- pathway have 
not baan idsntifled. (c) The Wnt/polarity pathway, which regulates cytosteletal organization; Aa Drosophilo Wntfpcearity pathway that regulates the 
pofartiy of uichomes in the wing la shown as on example. In this case, the nature of the polarity signal is not known. 
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(a) Wnt/p-catenin signaling pathway 



WilhOUt Wni signal Wilh Wm tlgnal 




(b) WntfCa 2 * pathway (c) Wnt/polarity pathway 



Polarity signal 




Figure 3 fret ihe legend on the prevfcb* page) 
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h required for the appropriate orientation of trichomes - or 
liairs • of the adult winfc and for appropriate chirality of 
ommatidja in the eye, and may regulate asymmetric cell divi- 
sions of certain neuroblasts [56,71*723. The only molecules 
known \o function in both the vertebrate and the inverte- 
brate Wnt/polnrity pathways arc members of the FzU family 
and the cytoplasmic scaffold protein Dsh. The regulation of 
gastrulation movements in vertebrates bIao requires the 
activity of Wnttl, which may signal through Ffcdy to regulate 
protrusive activity during convergent extension [66,67]. In 
flics* genetic analyses have identified a number of potential 
components of the Wnr/potarity pathway in addition to 
DFfcdi and Dsh, including the small CTr*ase DrhoA, 
Drosophtia rho-associatcd kinase (Drok), Jun N-lenrrinal 
kinase (JNK), myosin II, myosin VTIA, and the products of 
the novel genes flamingo/starry night, furzy t inzumed, and 
strabismus/van gogh [56,72]. A Wnt ligand for the 
Wot/polarity uaihway has not been identified in flies, 
however, and it remains to be seen how much of the intracel- 
lular signaling mechanism has been conserved between ver- 
tebrates and invertebrates. 

Several studies have suc^cstcd that distinct classes of Wnts 
signal through either the Wnt/p-catcnin pathway or the 
Wnt/Ca a * pathway [58]; for example* overexpression studies 
in Xenapu$ have shown that XWnti, XWnL3a. XWntS, and 
XWntSb can stimulate the Wnt/p-catcnln pathway whereas 
XWnt4, XWntsa, and XWntlJ can stimulate the Wnr/C* a > 



nathway [58]. Furthermore, the separation of Wnts into 
these two distinct functional classes is mirrored by the clas- 
sification of Fzd proteins into similar functional groups on 
the basis of their ability to activate one or other pathway in 
overexpression assays. Although this classification of Wots, 
which partially mirrons their evolutionary relationship?, may 
provide a useful tool for predicting the function of Wnts and 
Fids, the relationship between specific Wnts and the intra- 
cellular pathway they use is not fixed. Tor example, overex- ]jgj 
pression of XWntga in combination with human FZD5 in muL 
Xenapus embryos results in activation of the Wnt/p*catenin H 
pathway [73L suggesting that the activity of Wnt* in vioo Mm 
win be determined by tb e repertoire of Fzd receptors present mm 
at the cell enrfe ee. Hj 

Important mutants and developmental functions ^| 

tnas-of-ninetlon mutations in 9 of the 18 mouse Wnt genes 
have been generated, and the phenotypes of mutant 
embryos demonstrate the diverse functions of Wnt genes 
during cmbryogcnesis (Table 2). For example, knocking out 
WntS results in a dramatic low of a portion of the midbrain 
and deletion of the rostral cerebellum [74t75l- Inaclivation 
of Wnt4 results in the absence of kidneys [76], masculi nida- 
tion of mutant females (absence of the Mullerian duct and 
continued development of the Wolffian duct) (77], and 
defects in mammary gland morphogenesis during preg- 
nancy [78]. Targeted knockout of WntTa also has 
plcxoUopie effects, including ventralization of the limbs 



Table 1 



O eve I bp mental function* of mouse Wnt genes 



Gene Natural allele Phenotypc of knockout or other functions Refienenceii 



Wot/ Sttoyfti* Lou of a portion of the midbrain and cerebellum [74.75,129.130] 

Deficiency in dorsal naunal-tub* derivatives, including neural-crest eeO* in double knockout fl 3 1] 

with Wntio 

Wnt2 Placental date* [132] 

WnO Defects to xxis formation and gastrutatlon [B4] 

Defect* In heir growth and sirveture [ 1 1 34] 

Wntia vested toff Defects In 10ml te and oiibud development [ 1 02, 1 35- 1 37] 

Deficiency fn dorsaJ neural-tube derivatives, ineludini neural crest celts in double [i 3 1 J 

knockout with Wnt / 

loss of hippocampus [13&) 

W7rt< Defects in kidney development (7*1 

Defects in femaie development absence of Mfillerian duct ectopic synthesis of [77] 

tKtotterone In females 
Defects In mammary gland morphogen**!* 

WptJo Truncated limb*, jhorun^d anUrior-pOK error axis, reduced n^bcf of profiferaUng cells [1 39] 

Wm7e pcswxla} hemimck: Defect! In Rmb polartcy (79] 

Female irdertility duq to failure of Miillerlan duct rggrcssion [80,140] 

Daf«ro in uterine pettem^ [14 1 1 

Defects in synapse maturation in die cerebeBum [B I] 

W*7> Piacontal defects 

Wto/Ob Inhibition of serogenesis [143) 
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[79] • female infertility due to failure of Mullerian-duct 
regression [80], and a delay in the morphological matura- 
tion of glomerular rosnttc* in the cerebellum [81]. 

Ovcrcxpression and autisen*e 'knoclcdoW analyses in 
Xenopus have shown that the Wnt/jj-ca tenia pathway is 
required for the specification of dorsal cell fates [8a]. A 
debate is ongoing, however, over whether a maternal Wnt 
ligand is required to activate this pathway in dorsal cell* In 
support of a role for a Wnt ligand, a recent study has shown 
that XFzd? is important for establishing dorsal cell fates 
[B3L thereby implicating a Wnt ligand in this process. Fur- 
thermore, targeted iaiockout of WM3 in mice results in 
defects in axis formation and; gasLrul&tion, suggesting a con- 
served role for Wnts in rcgulpting the establishment of the 
dorsal-ventral axis in vertebrates [84]. On the other hand, 
ovcrcxprcssion of a dominant-negative form of Xwnt8 in 
oocytes doc* not Suppress formation of dorsal cell fates, 
arguing against the requirement for a maternal Wnt in axia 
specification [10]. Further studies arc necessary to resolve 
the role of Wnts in vertebrate early axial development 

In flies, Wnt signaling has a variety of function* during 
development. The wg gene is required for ccll-rata choices in 
the ventral epidermis during cmhryogenesis, as well as for 
many other Junctions, and DWntS ia required for testis muj 
Adult muscle development [17]. In C. Glagaus, generic analy- 
ses have defined a number of rales for Wnts, including 
establishment' of polarity and cndodeimal cell fates in the 
early embryo and regulation of cell migration, among many 
others (85]. A comprehensive list of Wnt genes and their 
mutant pHnnatypRs in vertebrates and invertebrates can be 
found at the Wnt gene liomcpagc [5J, 

Wnt signaling and cancer 

In addition to the many roles for Wnt signaling daring devel- 
opment and in adult tissues, it is also involved in tumorigen- 
esis in humans f 59,64.1. Although mutation or mis expression 
of a Writ gene has. not been linked directly to cancer in 
humans, mu ration of several intracellular components of the 
Wnt/JV-catenm pathway Is thought to be critical in many 
forms of cancer, Mgst notably, patients with familial adeno- 
matous polyposis (PAP) develop multiple intestinal adeno- 
mas early in life and have gcrmline mutations in the APC 
gene. In addition, mutation of APC is associated with more 
than Bo% of sporadic colorectal adenoma* and carcinomas. 
More than 95% of gcrmlirte and somatic mutations of the 
APC gene are nonsense mutations that result in the synthe- 
£ik of a truncated protrin lacking the region of APC that is 
important for its function in the destruction complex, Signif- 
icantly, these truncations in APC remove binding sites for 
0-catenin and Axin, as well as putative phosphorylation sites 
for GSK3; as a result, the mutant APC protein cannot effi- 
ciently promote degradation of f>-catenin. Mutations in the 
third exon of the human p-catenin gene {CTNNbi) that make 
it refractory to phosphoiylatioiwiependcnt degradation and 



lead to inappropriate accumulation of p-eatenju have also 
been identified in a large number of primary human cancers 
(See [64] for a table of p-catenin mutations in human 
cancer*). Interestingly, mutations in CTNNbl and AFC are 
rarely found in the same tumor; for example, in colon 
cancer, in which the vast majority of tumorfl have mutations 
in APC* the overall frequency of CTNNbi mutations is rela- 
tively low, but colorectal tumors lacking APC mutations are 
much more likely to have mutations in CTNNbl. Recently, 
Axin has also been shown to act as a tumor suppressor; 
mutations in the Axim gone have been found in human 
hepatocellular cancers [86). Importantly, mutations in Axim 
and CTNNbl found in hepatocellular carcinomas also show 
mutual exclusivity similar to that seen for APC and CTNNbi 
in colon cancers. Together, these data strongly arfcuc that 
mutations resulting in the stabilization of p-catenin can 
promote cancer in many tissue types. 



Frontiers 

The large number of Wnt genes and the many roles that Wnt 
signaling plays in development and human disease pose 
many unresolved issues for researchers- One of the major 
unanswered questions is the specificity of interactions 
between different Wnt Uganda and Fzd receptors and also 
which downstream pathways these many different tig&nd- 
receptor pair* stimulate. It also remains unclear how Wnt 
signals arc transduced by the Fzd-LRP receptor complex and 
what role proteoglycans piny in this process. Inside the cell, 
many questions regarding the transduction of Wnt signals 
remain, including how receptor activation stimulates Dsh 
and how Dsh discriminates between different Wnt signals to 
activate either the Wnt/p-catenin or the Wnt/polarity 
pathway. Furthermore, many roles of Wnts during develop- 
ment remain to be determined. Tnis challenge will require 
detailed analyses of knockout mice, in addition to biochemi- 
cal, cell-biological and genetic analyses in other model 
systems* to characterize the functions of Wots and the sig- 
naling pathways they use during embryogenesis. Finally, the 
identification and characterization of mutatiuns in Wnt- 
pathway genes involved in human disease is ongoing and 
these studies, together with a greater knowledge of the mole- 
cular mechanism of Wnt signal transduction, promise future 
clinical therapies for devastating human afflictions such as 
colon cancer. Thus, although, there is so much still to learn, 
the importance and widespread occurrence of Wnt signaling 
guarantees the rapid increase in our understanding of the 
normal and abnormal functions of the Wnts. 
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receptor to the int^eccDular loops of Ftd2. Isoproiencn^-tndijccd acti- 
vation of the 12(12 chimera in P9 emhiyonic r^iocarrjnoma ceBs was 
blocked by pcrtuSto loxin and by ohgodcoxynuclocrtide amisense to 
G «» a"^ G e j demonstrating the invoMimenl of two pertintii 
toxm-scnsrUvc G proteins for signaling by the Fzd2 i-cseptor. 

36. Uo T, Uu X, Wang H. Moon *T. TlaJbon CO Activation of rat 
frilled-! promote Wnt signaling and differentiation of 
mouse F9 toratocaixlnoma cells via pamways that require 
Galpha(q) and Calpha(o) function. ; W Oxm 1999. 274:33*39- 
3J544. 

This paprr dernonstraied that stimulation of F9 tcialc»carunorna cdte 
mprcssinc rat Fzd I with Xsnopus Wnt8--condhJortcd media results In 
differentiation of the cells into prvmijve endodcrm. Fidl/WhtB-dcpen- 
dent dfTensiiLatioft could pe hlooVed by pertussis toxin, o^pleoon of 
G u0 ur crJ-nhction of fKC and inNWJon of m itofjen -a ctfvaied 
protein kinase (MAPK). surj£esUng that sijjnaJirrt by Fziil in F9 ce*s 
mvoive j activatKjn of heirj-otrimenc G-pretems. PKC and MAfV. 

37. KuW M. Sheldahl LC, Malbon CC, Moon RT: C*a+)lvto™>4vUn- 
dependant protein kinase II I* stimulated by Wnt and Friz- 
zled homo I and promotes vontral cell fates In Xeoopux. J 
BW Owm 2000. 275:12^1-12711. 

This p«iper demonstrates that expression of a subset of Writ Qgands 
fWntS^ and Wnt 1 1) and Fid recepiors (* idudinj rat Fadi) in Xcncpus 



rrrfcryos lead< to Ute stirnuU6on ofCamKIL Using chimeric pVadrcner- 
gic/Fzd2 receptors, the authors alio *how that activation of CamKIl 
occurs within 10 minutes following receptor stimufotinn r>nd 4 ienwwe 
W pertuttrt towrx 

28. Uu T, DoCostanzo A), Liu X Wang H b Halla^an S. Moon RT, Malbon 
CO G protein signaHng from activated rat frfaaled-l to the 
bela-catenbv tef-Tcf pathway. Sdence 2001. 292:1718-1722, 
Ihis paper shows thai stimulation of a ctonerid (Vadreftefl'ctot Fzd I 
t*t<tpiof expressed in mouse F9 teratrxaronoma cdb Wth isopro- 
terenol results in the stabiisatten or j^rar^nin and activation of a P- 
cortenin-rrsprirtave reporter gcrtc Both or these effects codd be 
blocked by pertussis toxin, indicating that heterouirneric G proteins 
may be invoh/ed in b^dudns] sifjnaJs irom Ftd I to the Wnt/pnOtertn 
r>alhway 1 

39. Tamai K, S«menov M. <ato Y. Spolcony R. Lhi C. Katsuyima Y, Hess 
F» SaJnc-Jearmae JP, Ha X; LDL-recoptQr«rela£ad proteins in 
Wnt signal tramduttion. Nmure 2000, 497:530-535- 

The authors demonstrate that IRPfe can act as a wnt receptor in 
Xencpus embryos. O«rexpression of LfVP6 in Xcnopus nrqilted «n axis 
dupicatkin and activation of Wnt- responsive genes iwhite overexpres- 
sion of a tnjncated fnrm of LRP6 blodked Wnt activity in the same 
assays, Furthermore. LRP6 can bind Wnt ?nd Interns with Fzd in a 
Wnt-dependenT manner. 

40. Plnson K\, 8r«man J, rlonkley S. Avery B). SJcarnes WQ An U>L- 
reeeptorH*eJated protein mediates Wnt *Js»n ailing In mice. 
^fatort2OOO r 407 i 535.53a. 

This paper provides evidence that LRPS can act as a Wnt receptor in 
mice. Embryu> I>uitiu2yijcnjs for a mutation in the L/W gene exiiibil 
devdopmental derects that are a striking composite of those ratiscd by 
mutaucw in Individual VVri/ genes. Furthermore, the authors show a 
genetic enhancement of the vestfgief (Oil (UVhtfu) phenotypc in mice 
lacking one functional copy of LRP6> 

41 . Wehrll M. Doujan ST, Caldwell K. OXaefe L, Schwartz S, Yaaal- 
Ohiyon D. Sehejter E, Tomluison A, PiNiirdo S: arrow eneodei an 
LDtrrgcepter-related protein essential for Wingfeo mlg. 
nailing. Nature 2000, 407^27-530. 

ThJ$ paper demcrstraies that the anew ^ene is necessary for all Wg 
sigriafeg events in OrasopikV The authors also provide gcn*w evi- 
dence that orrcw gene funabn is e»«nibl In eefJs receiving Wg input 
and that it acts upsbeam of Dsn. 

42. Mao J, Wang j, Liu 6. Pan W. Farr GH 3rd, Flynn C, Yuan H, Takeda 
S. KJmelman D, U L, rt ol: Low-density lipoprotein receptor- 
related proteln-S binds to Axth and regulates the canonical 
Wnt signaling pathway. Mai CeM 2001, 7;80 1 -B09. 

TNs paper shows thai the intracellular domain of LRf*5 binds Axin. 
Wnt signab were found to cause recruitment of Axin to the rnenv 
brane and enhanced the interaction of Axin with LRPS. Together. tJxae 
diU suggest that activation of the WnVp-cikcnm pathway may *worve 
direct interaction of A)an with the Wnt receptor complex, 
43- Lin X Perrlrnon N: Dally cooperate* with Drctophila frizzled 
2 to transduce Wlnglesi signalling. Noture 1 999, 400;5$l-2fi4. 
The authors show thai mutation of defy a member of the gbpkan 
family of heparan suHatc proteoglycans, n^dts in prier ^otypes similar to 
partial loss of wk\Efess function, Loss of doty was sho fourKl to enhance 
foss-ol-knctian Wd2 phenotwe. 

44. Tsuda M, Kamlmura K, Nakato H. Archer M» Scaatz W, Fox B, 
Humphrey M. Olson a, Futdi T, Kaluxa V. el til: The ceHiurface 
proCeogfycan DaQy regulates Wbigkn iigruUiing In 
Ore cophJJo. Nature I W, 40Oi276-2BO. 

5rntar to the resiirs reported in [43] the paper deschbes £v*£t evi- 
dence that rtoV pbys a role in Ihc receptiofi of Wg signals. 

45. Bimrl tKC. Staveley BE. Johnson WA, Codavarti R, Sasisckharan R, 
Manouklin AS: Genetic evidence that heparin* like gfy- 
cofajnliufNcani are Involved In wingless ngnalfox* Oevcfop^ 
meat 1997. 124:2623-2631 

lhi paper shows that injection of hepannase into bravwhio embryos 
results in the degradation cf r«parin4ke ^vcosamino^vcans nnd a 
vwigfess-likc cutxuJar phenotypc *uj3teifcng the protcoslycans arc 
involved in Wnt signaling. 

46. Hacker U, Un X, Perrlrnon N: The Qrwphlh sugarless gene 
modulates Wingless signaling and encodes an enzyme 
Involved In polysaccharide biosynthesis, b^upmem 1997, 
124*565-3573. 

This paper describe* gent tae evidence that the sttforfess gene, a 
&osophik7 homoloj of venebnate UDP-^lucose drfiydrogenase. is 
n=ojured for optrnal Wg signaling, UDP-gtucose dehydrogenase is 
etsentfaj for the biosynthesis of various proteoglycans suggesting that 
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pi-ctAojft* am play an important rote in the production or rwjeuben of 
Wat Wgrral* 

47. kQorry T£ Hes«p TR, Marsh JL, O'Connor MB: Defects In gtu- 
curontte blo*yntbesl« disrupt Wingless signaling «i 
DrofOplllto. Derelapmem IW, 1 24:3QSS-3064. 

The tulhors describe the identification jnd characterization of the 
DmStfMo suppenfcosper (jfeo) fcenc that encodes a UDP-glvcose dehy- 
drogenase f equsred for production ol glucuronic add. Genetic analyses 
show that the phenotype sko muUM embryos resemble thai of win*, 
fess deficient emu rye* and that ste interacts wiih both wrwtess and 
(fehevelW 

48. Dboot GK, GuHafsson MK, Ai X, Sun W, Standiford DM, 6m*non 
CP jr.: Regulation of Wnt signaling and embryo patterning 
by art extracellular sulfatase. Seitnct 2001, 293:1663-1666. 

The iocntifi cation of QStJf). nn ayvi ortholDE of aft evolutionary con- 
s«%«d protein family related to heparan- ipecac N-acetyt gXjcosanv* 
sulfatascs. In cultured* C1C\) myogenic progenitor edls QRiJfl was 
found to feifttatc Wm signa5n&, suggesting that QSuJfl can modutatc 
Wnl signals by dcsulfation of cdl-iurface proteo^ycans. 
4*. Moon RT, Brown JD, Yang-Snyder jA. Miller }R; Structurally 
related receptors and antagonist* compote for secreted 
Wnt Uganda, Ccfl J997. e8:*2$-728. 

"Riv rncfttrcview summarizes the discovery and function ol FRRs with a 
focus on the role ofTRP* dunng earfy Xenopus development. 

50. Hateh JC. Kod'abachian L Re b bare. ML (Uttncr A, Smallwood PM. 
Same* CH, Muss* R. D»wid IB. Nathans J: A new »emt^ 
pro tain that binds to Wnt proteins and inhibit! their actrri* 
tie*. N©aire 1999, 398:431*436. 

The authors describe tlic identification of Wnt-inhfoliory fcctor I 
fWlF-l). a *crrclcd Wnl antagonist and show thai ovetexprcssion of 
WIF- ' In Xenopus embryo* per lurba sorrntcgenesci. 

51. Piccolo S. AgJut E. Leyn* L Bh*tt*chnryya 5, Grunt H, Beuwmeeiter 
T. De Robert EM; The head Inducer Cerberus U a multtfunc- 
tlonal antagonlit of Nodal, BMP and Wnt signals. Now* 
1999,397:707-710. 

This paper shows that the Cerberus pro win can bind to Nodal BMP 
and Wnl pmteht vb ^dependent sites. sug£esting that it njhcftcnJ ai a 
multivalent growth -factor airtaguriiyi. Buved or* overej^jresstoo experi- 
ments in XenapL*. the authors propose that Cerberus functions to 
Woe* Nodal BMP. and Wnl sifcn&h involved m trunk formation thereby 
promoting head fnrmatjon in anterior regions of the cmbr/o. 

52. Nuw R: Developmental biology. Making head or taS of 
Dickkopf. Nature 2001.41 l;255-256- 

This tomment article summarizes data presented in [S3) 

53. Bafico A. Lhj G. Yanlv A. GatJt A, Aaronian SA. Novel mechanism 
of Wnt rivalling Inhibition mediated by Olckkopf-I Interac- 
tion with l_RP*/Arrow. Net CeD Bio/ 2001. J:6B3-4«6. 

This paper demonUrnir.s that DickkopM (Dldcl). a secreted wnr 
antagQnet. b*«cks Wnt signaling by binding to the exvarr&^ar dcrrwn 
of the Wnt receptors LRP5 and LRP6. 

54. Semenov MV, Tims] K, Brptt BK, Kuhl M 5okol S. He * H<^>d 
Inducer Dickkopf* I Is a llgand for Wnt coreceptor LRP6. Our 
WoJMOI. I lr95l-96l. 

The authors show that Dicktopl- 1 (Dkk- 1) is. a high-affinity Uv?6 l(gand 
that inhibits Wm %ia£Mg by Uoddng Wm -induced Fxd-LRP6 cornplex 
fomvnion. 

55. Wu W, Glinka A, DtCui H. Niehrs C Mutual antagonism 
betwgon dtckkoofl and dlckkopf2 re^ulato* Wnt/beta- 
eacenin sFsnkJlin s . Q* r 2000, tQ;l6i 1-1614. 

This paper snows that dkkkopQ (DW<2) and Wnr act S>nvBSucally in 
Xenotxis embryos, to activate the Wnt/p^stenln pathway. Thus, unSts 
other members of the DKK famffy that act as Wnt anUjoniit*, DUeJ 
nnnpjtn: to TuncUon as a stimulatory co-factor for Wm tfgnaling. 

56. Atfcr pn. Laa H: Frizzled signaling and eell^ejl lnt<jract»or« In 
planar polarity. Curr Opin Cdl 2001. I i:6 35-640. 

This review provide* n current surnmary of the role of Fzd and D*h in 
^gdaiinfi pLvur po^rity during Drosppfcrfo devdoprnem. 

57. Boutros rv MbdUk M: Dlshevoliod: at the croasreadf of tOvcr- 
sent intracellular signaling pathways, Alecn Aev 1999, 99:27-37. 
I his review provides a summary of the function of Dsn in Wnt sipK*ng 
bnd disMnc? how Dsn dscriminatcs between clffcrem Wm Inputs to 
modulate distinct downstream ceOuJarrespoftics. 

56. Kuhl M„ Sheldahl LC ^ark M. MlHer JR, Moon RTt The WntfC*2* 
Pathway: a new vertebrate Wnt signal tng pathway takes 
shape. Trend! Genet 2000. I6t279-2tt. 

This fe*ew orovides a synopsis of our current understands^ erf the 
Wrn/W* pathway and presents an interecing table descricina the 



apparent mutuary e>cdi"vvr ahL'ty of different Fjd receptors to emu- 
late either the Vvtrt/p-catcnin or Wnt/Ca 2 * pathways. 

59. M flier JR, Hoeklryj AM Brown JD, Moon RT: Mechanrsm and 
function of algnal transductiort by the Wnt/be ta-carenln and 
Wnt^C a2+ pathways Oncogene 1999. 1 8:7860-7872. 

Thlj review provide* 3 derailed SvrtVKWy Of Our current underttanoing 
of the molecular mechanisms underlying signalng through the WmVp- 
utenin or Wnt/Ca > * pathways. Particular attention is paid to the tac- 
tion and regulation of the Axin/APC/GSlO destruction complex and 
the involvement of Wnt pathway genes in human cancer. 

60. Science'! STKE Connection* Mmp 
[http*i/Ktk«^P«ncema^i^crn/] Mtf 
This website is an excellent source of up-to-date information on a jjO 
variety q? cdl dgnaling tepiet and include* an inwrortve connectjov 

map <or several Wnt pathways. ^Psl 

61. A Pond in Seattle: Xenopu* and Zebraflsh Research in the K| 
)ab of Dr. Randall Moon [h^p^/fatuhv.wadiin^aedWrmwor^ mm 
Thk website contains severaf Flash animated movies of Wm scaling Kl 
and is an cxceSent source for ONA cottj-KpcU useful for studying Wnt Skm 
signaling. 'lljn 

61 Wnt WorW pittp^www 4 eAmedun^eduywle^ 

This website, maintained by my lab. is a new venture aimed at prov* 1 " H 
««S vp-W-daie infoi Tnation on the mechanism of Wnt si^aling and the f* 
funoion of* Wnt s»gnalng during devdoprnera «nd in hunxin disease. 

63- Wodarr A, Nune R: Mechanisms of Wnt signaling in develop- 
ment. Anm Rev CcS Der 6wf 1998. 14:59-88. 
This review provides a rornrxehensive vhw or y»e rob of Wr< ngnal- 
irg during development 

64. PoUkis P: Wnt sfgnailng and cancer. CTenes Der 2000. 14:1837- 
1851. 

This review provides an exedent synopsis of our current uridcrslano'' 
mg of the mle of Wnt signaling in human cancer. It also contains a table 
describing p-caterin mutations found in various human cancer* 

65. Terra MA. Yang-Snydar J A. Purcaft SM, DaMaraa AA, McCrew LU 
Moon RT: AetivHSea of the Wnt- 1 class of secreted signaling 
factors are antagonized by the Wrtt-SA d&$s and by a domi- 
nant negative e&dherln In early Xenoptu development. } Celt 
Bid 1996. 133:1123-1137. 

The authors demur&trate that ovarexpression of XWntSa can inhibit 
sisrefing by XwntB in Xcrwpys cmbrya> through a methanism that may 
involve charges in ceS-czD adhesion. 

66. Hwanbcrg CP, Tada M, ftauch GJ. S*ude U Ccneha MU Gelsler R, 
Seemple DU Smith JC Wilson SW: SllbarbUckWnt 1 1 mediates 
convergent extcroon movements during lebrafhh gastru}^ 
rl on- Nature 2000. 4oS:76-B I . 

This paper describes the chfracterization of the idbcrbtkk/Wrt 1 1 gene 
in rebrafish. The authors demonstrate that 42fce/ftfefc/Wht J 1 is required 
Tor rcAvergcnt-eirtcnson movements and that overexpnsdon cf a 
truncated <orm of Osh ?ctwe in Wrrt/p clarity signaling but not Wnt/0- 
caterrin scaling can compensate for the taw of «^be^cWVVh< I i func- 
tion. 

67. Tada M. Smith JC; Xwntl I h * target of Xenopui Brachyury: 
regulation of gastrutatlon movements via Dishevelled, but 
not through the canonical Wnt pathway. Developmoit 2000, 
127^227-2238. 

The authors dcffhomtole thnt overexpression of a dc*ninant-ncgativc 
forni of XWntl I in Xenopus embryos tnhibito convergent extension 
movemonb. Co-cxpressiori cf wild-type Dsh or a truncated form of 
Dsn that cannot signal through the Writ/6-catenin pathway can mmr- 
come this inhibitory effert, 
6B. Wallndbrd JB, Rowning BA, Vogel KM. Rothbacher U. Fraser SE. 
Hirland RM: Dishevelled controls e«U polartty during Xmaaput 
g^tryhktpDrv, Nature 2000. 405:8 1 -85. 

This paper efcrnonstrate* that overexpression of a truncated form of 
Dsh that rihibits Wm/Polarity signaling, but not Wht/B-catemn nffoJ- 
inj». durupts convergent extension movements in Xmn|wi I he authors 
provide a detailed analysis of the effects of the truncated form of Wsh 
on eel mc^emerttj and demonstrate that Dsh resulates the polariza- 
tion of eels along the meolaJ-lateraJ axis •» wel as the dyii^irii^ and 
polarity of celular protrusions during gastrutatiori. 
69. Marsdsn M. DtSimont DW: Regulation of cell polarity, radial 
Intercalation and epiboly In Xenopux; novel roses for ineearin 
and flhronectln. Development 2001. 1 2fc3635-3647. 
This paper shows mat trrtegrinKjc pendent binding of bbstocoel roof 
cds to tibreneetin is suficient to drive membrane locaization of Dsl> 
GFP. suggesting that a CC^vcrgenCe ot integrin and Wnt ftlnaUng path- 
ways acts to regJate nwphogoncsis m Xenopur cmbryot. 
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7a Wtilingfnrd JB, Hariand RM: Xenopua Dishevelled signaling reg- 
ulates both neural and mesodermal convergent exeemicn: 
parallel tercet elongating the body axis. Development 200 f. 
I20:2$HL2592. 

This paper show* that spatially resweted expression of 0%h mulartti 
frat block WmTPoJarity signaling, but not Wnt/0-cateriin signaling, lo 
neural or meEodemd tissue* inhibited either natal or mesodermal 
cumtr^n: c*ter>s»on. Targeted expression vf other Wm signaling 
antagonists also inhibited neural convergent extension in whale 
embryos without affecting cell fate, suggesting that Wnt/Potonty agca). 
ing rejjufates morphogenesis of both mesodermal and neural tissues 
during vertebrate devdopnv-.m. 

71. Adler PN. Taylor J; Asymmetric cell division; plane but not 
iimpj«, Cutt fcoJ 2001, 1 1 :R23Mm<S. 

This review dbcuuet the rdc of f zd receptors in the regulation of 
asymmetric cc |; divisions in OrosophL'a embryos. 

72. Struct D: Planar polarity* setting r«wjy to ROCK. Curr Eftl 
2001.1 |*50*-R$O9. 

This review summarizes recent, advances In our understanding of how 
Fid and Dsh regifcte planar polarity in Drxxaphila focuyng gn the role 
of Ihc rho-asso dated kinase ROCK in ihis process. 

73. Ha X Saint-jeanriet jP. Wan* Y, Nitons J. Dawld I, Varmus H: A 
member of the FHzzled pro tern -family mediating axis induc- 
tion by Wnt*5A. Sdence 1997, 275:1652- 1 

The author describe experimems demonstrating thut over expression 
of WntSa >n cornbination with human fZOS promotes signaling 
thrpytfi the Wn^catenin pathway sugges'ing that lh= tfjerifirity of* 
ceflutar responses to different Wht signals is regvbtcd by the repertoire 
of Fzd receptors present an the ccD surface oif responding cells. 

74. McMjiSon AP, Bradley A: The Wnt-I (Int. I) prpto-gncogene is 
required for development of a Urge region of the mouse 
brain. Ccft 1990,42:1073-1085. 

This paper describes ihe km*kovl cfWntl n the mouse and demon- 
mates that Wntl n re qui red Cor the devdcipment of tl*t nudbmin and 
cercbcBum. 

75. Thomas ICR. Mutd T% Neumann Pf, Capacchl MR: Swaying is a 
mutant allele of the proto^oncogene Wnt. I. Ceff 1991, 07^$9l 
976. 

The authors show that swaying phenotype is caused by deletion of a 
single base pair from Wntl that results in premature termination of 
translation, eliminating die carbwy^erminal hall or the Wht I protein. 

76. Stark K, Vaicuo 5, Vaasasva G, McMahon AP: Epithelial transfer- 
mation of metanephrle mesenchyme In the developing 
kidney regulated by Wnt>«. Noture 1994, J72it79-68l, 

7 his paper describes the expression pattern of Wnt« a?>d the knockout 
phenotype of embryos lacking WnM activity. Wm1 mutant mice fail to 
form pnrtubutar ecl afSn^atcs in the developing kirfcwy. suggesting 
that Wni4. reguhiLo Hie mesenchyme to epithelial transition that 
underlies nephron envelopment 

77. Valnlo S, Heikkil* M, Kopert A, Chin hi. McMahon Aft female 
development In mammals is regulated by Wnt-4 signalling. 
Nature 1999, J97s40S-409. 

This paper clcrnonstratcs that Wnt4 is required for the development of 
sexual dimorphism, females lacking Wrrtl rail to fuim the Mufcrian 
duet whiU* the Wolffian duct continues to develop. 

76. Brisken C, Helnaman A, Chavarrfa T, EJenbus a, Tan J, Dry SK. 
McMahon |A, MeMahon AP. Weinberg RA: Essentia) function of 
Wnt-4 In mammary gland development downstream of 
progesterone signaling. Genes Dev 2000. 1 4(650*654. 
Tht author* perform IrdnwtentaUon studies to oornonstrate that 
mammary tissue belong Wht4 fafc to undergo fide branching dunng 
prcj^Hncy. They also found that Wmfl expression is regulated by prog- 
cat^rrtne. Togclhcr these data suggest that Wnt signaling is necessary to 
mediate progesterone function during rnamrrvuv ^biwj momhogsrvsis. 

79. Parr BA, McMahon AP: OaraaJtttns* slgnnl Wnt- 7a required for 
normal pabrtty of OY and A-P axes of mouse limb. Nature 
1995, 3T4:3$0-iS3. 

This paper dex/ibe* uie knockout pHcnctype of mice lacking Wnt7a 
levying <jn the role of Wht7a in the Bmb. Mutant embryu* display 
defects in limb parusnvn£ cha/actcrced by a dorjal-to ventral transfor- 
mations of edi faie, indtcaUng that Wm7a is a dorsaizJng simal 
$0. Pvr BA, MeMahon AP; Sexually dimorphic development of the 
mammalian reproductive tract requires Wnt>7*. Mature 
l99e,39S:707-7IO. 

This paper demonttratc^ ihat Wnl7a is required for establishment of 
«yujd dirnorphisTTL Male mce lacking Wm7a tail to undergo re^etsion 
of ihr MGIcrian duct due to die absence of the recepror for Hg&enan- 



inhibhing luhstance. The authors also show that mutation of Wnt7a 
affpcts devdopment of female-specilic tissues. WiTt7a-defidcnt (cmaies 
are infertile because of abnnrmal devdopmern of th* ovidua and 
urerus. 

81. Hall AC Lucas FR, Salinai PC: Agonal remodeling and synaptic 
differentiation In the cerebellum la regulated by WNT-7a 
ilgnal3n B » C<$ 2Q0O\ 10D1S2S-535. 

This paper shows that the WNT anui^onist sFRP-l can block eidoge- 
nous si£naU produced by granule cells that induce axon and growth 
cone remodeling in mossy fibers, bi contrast, WNT7a, which is 
expressed by granule cells, can mimic the endogenous signal. 

Q2. Moon RT, Klmelman D: Pram cortical rotation to organiser 
gene expi^talom toward a molecular explanation of axis 
specification In Xenoemr. fifo&wyr 199$, %D*5)6.M5. 
A comprehensive review summarizing the role of Wnt signafrig in the 
estatfisTtfTient of the do*ai-vcntra! axo ii i Xcw^ux 

03. Sumanas S. Strega P, Heasman J, Ekker $C The putative wnt 
receptor xanopus frlzsded-7 functions upstream of beta- 
catanln In vertebrate dorsovcntral mesoderm patterning, 
development 200c\ 127:1981-1990. 

The authors show that reducing FnJ7 function with antsense oSconu- 
cleoudes in early Xenopus embryos results in defect* rn dooaj oVdocv 
rnenL These datfl suggest that Fzd7 plays a cmkal rote In the 
specification of dorsal ceQ tares and prov»o>s cirxyrnftarmjJ evidence 
that a Wnt igand is also required for this process. 

84. Uu P, Wakamiya M, Shea MJ. Albreeht U. Behrlnger RR, Bradley A: 
Requirement for Wnt3 In vertebrate axis formation, Nat 
Genet 1999, 22i2*L3fi5. 

This paper describes the expression pattern of Wnl3 in mice and the 
phenotype nf embryos lacking Wnt3. The authors find that Whl3 + 
rrico develop a normal egg cyindcr but do "Ot form a primitive streak, 
mesoderm or node, indicating that WmJ plays an important rele in 
axial patterning in the mouse. 

85. Thorpe CJ, Schleslnger A, ftowerman ftf Wnt signalling In 
CecnerneMUb efegens: regulating repr*«sor« and pelarlsdng 
the cytockeleton. Trwdj Ctf iVol 2000, 10:10-17. 

TK* review summarizes our knowledge of the role of Wnt sJjjndtnfj in 
regulating early cefl (ate dcosions in the soil worm, C tfegans. The 
review discusses the interest'ng findings Uvl in C etegons Wnt skjials 
regulate edl late choices via two pathways; one that evolves activation 
of a mrtogen activated protein kinase and another that involves a heT- 
erertrimaric C-protein and poferitalion of The mitotk spindle. 
B6. Satoh S, Dalgo Y t Furukawa Y, Kato T, Mlwa N. NishiwiW T r 
Kawisot T, Ishlguro H, Fujiia M. ToWno T, <t ei: AX IN I muta- 
tions In hepatocellular card nomas, and growth suppression 
In cancer Cells by virus* media ted transfer of AXINI. Nat 
Genei 2000, 24:245-250. 

This paper dcmonslratcs that mutations in the AXINI gene arc as***- 
aied with hepatocellular carcinomas. Th«e <Jn«t indicate that A»h, like 
ARC. is a tumor suppressor gene and strengthen the idea that genes 
involved in Wnt sfcnafcng play a critical rote in human disease. 

87. Muss* R, varmus HE; Many tumors Induced by the mouse 
mammary tumor virus contain a provlrui Integrated m the 
same region of the host genomo. Cetf IW, )lr99-l09, 
This paper cxammej the mechanism by which mouse mammary tumor 
virus causes mammary tumors arxi the authors find that provira! inte- 
gration wiihin the tnU (Wht M locus. 

fia Nussb R, van Ooycn A, Co» D. Fung Y1C Varmus H; Mode of 
proviraf activation of a putative nvtmmary oncogene (Inc. I) 
on mouso chromosome IS.nteure 1984, 107:131*1^6. 
This paper demonstrates thai integration of mcnite mammary tumor 
virusimo the k-cf (Vvhl } ) locus results in rrws-exrjrcssioncn*inii. 

89. van Ooyen A, Nusse R; Structure and nucleotide sequence of the 
putative mammary oncogene lm> I {uru viral Insertions leave 
the pfetem-encodfag domain intact. Cd) 1984, 59^33-240, 

This paper presents the sequence of the r>t-J (Wht I) gene and 
describes the siu»s of pro vira) insertion in the 5* arid 3' uitbanslated 
regions associated with tuTxxigervesis. 

90. van Ooyen A. Kwea V. Mussa Ft The nucleotide sequence of the 
human I m> I mammary oncogenes evolutfonary conierve* 
don of coding and non-coding sequences. EMQO J I9BS. 
4-2905-2909. 

This paper presents the sequence of the human /rrt- / (VVhf7r) gene and 
compares the sequence and oi^anitation of the human and mouse 
im-i genes. 

91. Arheden K, Hand a hi N, Strombeck B, haksson M. rticeknan F: 
Chromosome localization of the human oncogene I NT I to 
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riol3 by to situ hybridisation, Cytegcnet CeB Genet 1988. 47tB6- 

87. 

This paper describes the thrcvnouxnal location of the human iNTt 
(WN7f ) j^ftae to J 2ql 3 * pwition involved in chromosomal rea/rangc- 
munt> in lipomas, myxoid firjosarcornai. ptoowpfrc adenomas, and 
myomas, 

92. YYaJnwrlsht BJ. SeambUir Pj. Suniqr P, Watson EK, Bell G, Wk*ing 
C. EitiviO X. Courtney M, Boue A, Pedersen PS, et et : Isolation of a 
human gone with protein sequence similarity to human and 
murine Inc. I and the OmiephJIo segment polarity mutant 
wingless. BWeO/ 1988, 7:1743-1748. 

This paper describes the dersng. sequence, and expression pattern of 
the human gene. 

93. McMahon J A. McMahon AP: Nucleotide sequence, chromoso- 
mal local b:etie>rt ami developmental expression of the 
mouse lnt-1 -related gene. QeveJQpment !W, 107443-650. 

The authors devcibc Inc cloning, sequence, and cxpres^on pattern of 
the mouse Wht2 gene. Ackit exprtiuion of mouse Wht2 is restricted 
to lungs and Itc&rt, and frtal expression, to the pericatdkjm of the 
heart lo the umbiRcus and associated allantoic mesoderm, and to the 
ventral Uer al irie-.nnchymc tissue surnxinding the unj^btlical vein. 

94. Katoh M, Hirai M, Sujlmure T, Terada M: Cloning, expression 
and chromosomal localisation of Wnt>l3, a novel member 
of the Wnt Bono family- Oncogen* 1996, 1 3:873-876. 

This paper describes the cloning sequence and mapping of the human 
VVN7I3 gene lo IpU The authors also show thai WNTI3 » 
expressed »n severd cell Pre* indudfrig HeLa (cervical cancer), MKN28 
and MKN74 (gajui c cine er) rells. 

95. Grove CA. Tolc S, Limon J. Yip U Ragsdale CW: The hem of the 
embryonic cerebral cortex Is defined by the exprtnrfon of 
multiple Wnt gene* and Is compromised in GlU-dericlBnt 
rnke. b&zkpmom 1999, 1 2$ :2J 15-2315. 

This paper describes the during of the mouse Whtfp gene and expres- 
sion analysis of vVhtfb. WhtJo, WhtSo and VVht7o in the telenrenhiilcn. 
Wht2b, VVViriki. and Wn&> w*r* found 10 be expressed in the hem or 
the cerebral Cortex and expression b absent in the extAMoesJ enow* 
mutant 

96. Zikin LO, Mazan $, Maury M, Martin N, Gurnet JL. Brutet P. Sfcrue- 
cure and expression of Wnt 1 3, a novel mouse Wntt rotated 
gene, Mtth Oev I998. 73:I07-M6. 

I his paper describes the cloning and expression of the i-npuw; W>tf 1.1 
gene, VWrt 1 3 is expressed in the rjmbryonlc mesoderm during gastrula* 
ugn and. at later stages, trar^cripts are detected in 1he dorsaj midline of 
the diencephalon and mesencephalon, the heart pn mania, the peHph- 
ery of the rung bud and the ohe and optic vesades. 

97. RoeEnk H, Wageniar E, Lopes da Siva $, Nusse A: Wnt-3, a gene 
activated by provfareJ Insertion In mouse mammary tumors, 
Is homologous to lm>|/Wnt>l and hi normally expressed In 
mouse embryo* and adult brain. Pros MqU Acod So USA 1 990, 

The authors describe the characterization of "the mouse WnrJ gene on 
^hrofiwomc 1 1 as a site for mouse mammary tumor pro-vims inser- 
tion, rhe paper also ore senna expression data for WhjJ. 

98. Chandrasekhsrappa SC. Kirvg S6. Friedman ML Mayes ST, Bowcock 
AM, ColDns FSr The CA repeat marker DI7S79I ta located 
within 40 kb of the WNT J gene on cWromorom^ 1 7q. 
r^nerrtcs 1993, 1 8:9 28*729. 

This paper describes the genomk. localization of Ihe human WNT 3 
gene dose 10 a CA repeal marker on tfiromosomc I ?q. 

99. RoeJInk H» Wang J, Black DM, Solomon E, Nusse Ri Moieeular 
elom'nsj and chromotomal localization to I7q2l of the 
human WMT3 gene. GenoRiics 1993, 17:790-792. 

TKs paper describes the ehirjclcri7Mion of the human WNf j grnr 
and rts locafiration to chromosome 1 7c21. Analysis of the VVNT3 gene 
in a collection of mammary tumor wnple j frfeiJ to detect renminge- 
ments or .\mpC£k xuot l 

100. HujufcC £L McMahon jA, McMahon AP. Bckndl R, Harris AL: CWf* 
ionntlaJ expression of human Wnt genes 2, 3, 4, and 7B In 
human breast cell llnei and normal and disease state* of 
human breast tissue. Cdnccrtes 1994, $4:2615-2611. 

The author report the expression of VWvTJ. WNT4, and WNT7b in 
human breast ceO Incs and WW 77, WNT1 WN74, and W7vT7o ip 
htman breast tissues. VvNf.lrj and WNT7o were nol expressed in of the 
exominEd ts*ve h adcfition. icvera) of these genes, including WNT2, 
\vnU and wrv77b. showed increase exptession in breast cumc**. 
I0L Roelink H. Nusse R: Expression of two members of the Wnt 
family during mouse development - restricted temporal and 



ipab'aJ patterns In the developing neural tube. Genes Oev 
1991, Stttl -38ft, 

This paper describes the doning and expression patterns of ihe mouse 
vVrrtJ and Wnila genes. The authors compare and contrast rhe 
expression of the two genes in the developing nejvous system and find 
that de spite their high dc£rcc of sequence identity. WntJ and vvntid 
an* expresAed in discrete regions of the spinal cord and brain. 

102. Greco TU Tnkjida NJ C whpgje MM. MeMihon J A. McMahon AP, 
Camper SA: Analysis or the vestigial till mutation demon- 
strates that Wnt-3a gene doiaga regulates mouse axial 
development. Ccnes Oer 1996, 10)313-324. 

The authors present genetic and expression analyses demonttmting 
that the vpjtf^fcrf mjLrtio/i is a hypomonpNc afidc of WhrJo 

103. Saitoh T, Hiral M, Katoh M Molecular doning and charactsriza* 
tlon of WNT3A and WNT 1 4 clustered In human chromo- 
some lq4Z region, fcgehem Biepnys Res Cxnmuo 2001, 
284:1168-1175. 

This paper describes the sequence expression, and mapping of the 
human WNT3A and WNT 1 4 genes. The genes wem locJticd to chro- 
mosome Iq42 in a head to head manner separated by apprcwrnatdy 
£8khi 

104. Gavin &% McMahon jA. McMahon AP: Exprefislon of multiple 
novel WnM/Int- (-related z*nwn during fetal and adult 
mouse development, Genes Dcv 1999. 4^3 19-2331 

The authors used a PCft-baied strategy to isolate six Wnt gene* 
(Whrt, VVftLSa Whtifc Wnt6, Wm7 P and Wr*7J>) exptessed in fetal 
mice- 

10*. dark CC, Cohen I, Eiehsteiter l T Cannlxiiro IA, McPherson JD. 
Wasmudi jj, loxio RV: Molecular cloning of the human prato- 
oncogene Wnt- 5 A and mapping of the gen* (WNTSA) to 
chromosome 3pl4-e21. Cehomrd 1993, 18:249-260. 
Thk paper describes the cloning and mapping of the Ix^rnan WNTSA 
gene. RT-PCR exprettiftn Analysis of a variety of embryonic, neonate 
and ad lit ceBs and/or tissues showed that VvNTSA was detected only in 
neonatal beart and k*^g> 

106. Adan\son MC, Dennis C. Ddaney S. Christiansen J, MonkJcy $, 
Kozak CA. Waknwrfche B; Isolation and genetic mapping Of two 
novel members of the murine Wnt gene family, Wnt 1 1 and 
Wnt 12, and the mapping of WntSa and Wnt7a. Genomics 
1994, 24*- 1 3. 

The authors cloned the mouse Wntf I and Wh(/2 (VVhtlOb) genes by 
deserters Le PCR and mapped both of these Wm getxti as wel as the 
WhtSo and Wht7 0 genes. VWwJ / mapped to cNomosome 7. Wnt 1 2 
(vVhrlCb) to chromosome 1 5 dene to Wntf. WhtSo to chmmosorne 
1 4, and VVht7o to chirxTK5sorne 6. 

107. SsJuxh T, ICaooh Mr Molecular cloning and characterisation of 
human WNT5D on chromosome l2pl3-3 region. IntJ Once' 
2001. 19:317-351. 

CxpreaAlon analysis shows that VWTSA is expressed In adult prostate 
and fetal brain, and weakly expressed in fetal king, kidney aduU Ua. 
ovary, and small intestine, WM75fi is also expressed in the gastric 
cancer ceO lines MKN7, MKN4S. KATO-RJ. and a tcraicx^moma ccs 
IrieNTZ 

108. Rankin j. Sonehsji T. Lake M, Lindsay S: Partial cloning and 
assignment of WMT6 to human chromosome band 2q35 by 
In situ hybridization. Cytopnct Ccfl Genet 1999. e4s50.52. 

This paper reports \}< donin£ of & partial cONA encoding WWT6 and 
fti mappini to chrornosomo 2q3S. 

109. ICjracoshJ H. Scluhara H. Kaxoh M: WNT 1 0A and WNT6, clus- 
tered In human chromosome 2q3S region with head-to-tail 
manner, are strongly coexprassod in SW40O cells. cVochem 
Btophyj Res Cornrnvn 2001, 283; 798^05. 

This paper describes the doning and mapping of the Ivuman WNT6 and 
vVN7f Cr\ genes. The two genes are dustcrcd in the 2c>15 rcgJon sepa- 
rated by only 7 kb. Both genes are expressed in a variery of tissues, 
inrfcjrjaig kidney, placenta, and spleen, and cancer cell lines. 

1 10. Ikagawa 1 Kumano Y. Okut K. Fu|hvara T, Takahaihi C. NsJcamura T: 
Isolation, characterization and chromotomal assignment of 
the human WNT7A geno, Cytofenc* Ccfl Cenct 1996, 74:149-152. 
This paper describe* the criaractierization of the human WrvTO rcii« 
and hs expression in pkicenta, kidney, testis, utetirs. fetal hng. and fetd 
and adult brain. 

1 1 1. Bui TO. Lake M, Lejeune S, Curds AR, Soachan T r Undssy S, Harris 
ALs Isolation of a full-length human WNT7A gene lmpll» 
ea.ee d m Bmb development and cell transformation, and 
mapping to chromosome JpZ5. Gene 1997. 189*25-29. 

This paper describes the cloning and mapping of human VVN/7A. 
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ill van Bokhoven H, Kissing J, Schepens M, van Beenum $» Simons A* 
fticjyrwn P, McMahon JA, McMahon AP. Brunner HGj Assignment 
of WNT7B to human chromosome band 22ql3 by In situ 
hybrid! r^^n, Cytofcnct Cdl Gcnef I997. ?7!2flfi-ia9. 
This paper ctesenhc* the mapping of human WNT78 to chixwosamc 
17q\X 

1 13- Kirikoshi H, SekJhara K K.atoh M: Molecular cloning And charac- 
terization of human V/NT7B. tot ^ Oncof 2001 , I *»77^78* 
The owrhnt-* describe the chai-artorrzaiion ol the human WN17& gene 
and its egression in fetal bfl&in, lurtg and kidney, and in adult b*in. lung 
and prwAW. WNT7& i 5 ;jlso expressed in a lung cancer cell bne A549. 
esophageal cancer cell lines TE2, TE3, Tf4. TC5, T£6, 1 E7, TE 10, TE 1 2, 
a gastric canter cell Gne TMICl, and pancreatic cancer call fin** &xPC-3, 
AsPC I and Hs766T. In ackfiuon, WNT7B fpund to be up r^u- 
latcd in WWG of primuy gatne canerrj. 

114. Beuiltat P, Oyb^Abdclgharo M, Ward SJ, Brenner S, Chambon P. 
Dolle ft A new mouse member of the Wnt gone family, 
mWnt-3, Is expressed during early einbryogenetia *nd is 
ttwpically induced by retJnolc acid, M<*h Ow 1994, 5*141- 
152. 

The author* describe the cloning of the mouse Wr*8 gene and its 
expression dunne embryo^n***. Wht8 is expressed m the posterior- 
rejjen of the epibtast of eariy prsriitive streak-stag* emhryfc* and as 
gastrufation proceeds expression spreads into the efnbr/onic ecto- 
derm. WntB is ebe lrtmienuy expressed in the mesoderm. 

115. Saitoh T, KatoK Mj Molecular cloning and characterization of 
human WNTflA. IntjQtotf 2001, l9;l3M27. 

This paper presents the sequence and organiwtiwn of the human 
WNT8A gene Exprewiqn ^rufyiis of WNTSA in various human tissue* 
and cdl HricS otjK/ detected transcripts in NT2 leutncaranoma cdls. 

116. Uko M. Stradian T, Curds AR. Undrty S; Isolation and charac- 
terization of WNTfiB, a novel human Wnt gene chat maps 
to IOq24,C*FXvrwcs l*9e> 35r3B6-3aft 

This paper and [1 17] describe the cloning, mapping and expression 
nnaly** of ihe human WNT8& gene and [1 17] presenti evprewion daia 
for the mouse Wnl8b gene. Both tfi* human and mouse WfrtSb genes 

were rfcttncled to Ihc developing brain, with the majority vif exprewbn 

being found in the forebrain. 

117. Liko M. Lai day Bulicn P, Wilson Ol Robson 5Q So^achan Ji A 
novel mammalian wnt gene. WNT8B, show* h rain- 
restricted expression In tarty development, with sharply 
delimited expression boundaries In the developing fore- 
brain. Hum Mai Cenet 1 998, 7i8 1 3-622. 

Set pit} 

118. Richardson M, Redmond D. Wits on CJ, Mason JO: Notna WnUS 
Is expressed) In che d«¥eloping forcbraan and ma pi to chro- 
mosome I?.rV»flmm Coiomc 1999. 10:923-925. 

The authors present the mapping of mouse YSnttib and characterize its 
expression in the developing forebrain. See also [117} 

1 19. Wang J, Shackleford GM: Murine Wnt I Qa and WntlObs c^pntng 
and expreaslon In developing limbs, face and akin of 
embryos end In adults. Oncogene 1996, 11:1537.1544. 

Tlit? bullion repor?. the isolation of the mouse WntlQo and Wnt I Ob 
genes as well as analyses of the aavession paitcmi or itatr g<nr^ in 
*duh *mbrynnic tissues. In a Aits. WhuOo BNA was most abun- 
dant in adult bmin vWth a hi^i concentration in the pituitary gl*nd k 
Wnt I Ob was ht#*st in lung and uterus, and' mfuMAi oi both genes 
were detected in thymus and spfcen, In embryos, expression was found 
in a variety of tissues indudav fimbs. face, skin, and liw. 

120. Christiansen JK Dtnn.s CL Wicking CA, Monkiey 5J, WiMnson DG, 
Wainwright DJ: Mwrfne Wnt>) I and Wnt- II have temporally 
and spatially restricted expression pattern* during embry- 
onic development Met* Oz* 1995. 5 1 ^4 1 -3 SO. 

This paper describes the expression patterns of mouse Wiot I i and 
Vfht>2 (WntiGb). Whs 1 1 expteision is CtnK drt^rtcsd wifhin the truncus 
arterioan and it laier detected in the somites at the junction of the 
dermatome and the myotome and <n Grrb bud mesenchyme. VW|{/2 
(WhlJCb) is also cxpitissed in the limb and is expressed in the apical 
ecloderm?) ridge- 

l?|. Ue FS, Lano TF, Kuo A, SHaekleford GM, Uder P; insert lo nil 
mwtagenesh IdendAes a member of the Wnt gone family es 
a candidate oncogene in the mammary epithelium of Int. 
2/FgiO transgenic mice. Proc Natl Acatt Sd USA 1995. 9*2268- 
2272. 

This paper presents the diaiacienutian of the mouse V/nilOb gen a as 
a she of moiae nwnmary Uanor vkvs tnseroon in int-2/F^-3 train^nite 
mice thai cooperate wiUi ini-7/f^4 in tumorigenesis. The authors also 



showed that Wni 10b b expressed in tfx embryo and rn&mmary jgland 
of virgjn but not pregnant mice. See aJso [1 23} 

121, Bui TD. kantdn j. Smith K, Hujuec EL, Ruben S, Snachan T, Harris 
AL Lindsay & A novel human Wnt gene, WNT 1 0B, maps to 
1 2qt 3 and is expressed In human breast carcinomas- pne> 
gate 1997. 14:1249-1253. 

This paper describes xhe chnrac1eri2ation of the human WNJ7 05 gpnc 
showing that it maps to I2ql3 in dose preximiTy w WNT I. The 
auUjois also examine Ihc expression of WNTrcfr in human breast 
canfers. See also P 24). 

122. Hardiman 0. Albright S. Tsunoda j, McOanahan T, Lee R The 
mouse Wnt- 1 0B gena iiolated from helper T cells Is widely 
expressed and a possible oncogene In BR6 mouse 
mammary tumorlgenealB. Gene 199$, 172(199-205, 

This paper describe* the dpning of mouse Wnt 1Gb and its expression 
in embryos and adults- In aod*»n. ihe WrafOb gene is shown to be an 
insertion site for mouse rremmary tumor viiw an nwy conlribute to 
nwranary tumors in aftfi mice. See also [1 21} 

124. Kardiman G. Kaitelain RA, 5 nan JR Isolation, characterization 
and chromosomal localization of human WNT I OB. C^o genet 
OsB Genet 1997, 77:278-282. 

Thi* paper presents the doning and mapping of the hvjman WN7T0S 
gene lo I2ql3. The exon*»ioi> pattern of WNT/0B reveals that it is 
present in many adult iissues, wiih the highest levels found in heart and 
akeMal muide, and is also expressed in fcvrml human cancei* ceil Bites, 
induding Mela cdU. See also [1 22} 

125. Lako M, Stmchan T. &ul|en P. Wiben DJ, Robson SC, Lindsay & il- 
lation, characterisation and embryonic expression of 
WNTI I, a gene which maps to 1 Iq.13J* and ha* poss&le 
rolet rrt the development of skeleton, kidney and lung. Cent 
1993,319:101-110. 

The authors characterize the human WNTi I gene, inappng it to 
I Iql3.5 and derYic*ntratin£ its expression in the r^enctxjrx/num of the 
Developing skeleton, king mesencriyme. the tips of the ureteric buck and 
other areas of the unogerrita! system and the Cortex of the adrenal gland, 

1 26. Ecrprton I. Eisenberj] LM. Bhalerao j, Jenkins IMA, Copeland NG. 
Of borne MP, BowCOCk AM. Brown AM: Isolation of two novel 
WNT genes, WNT 1 4 and WNTI 5, one of which (WNTIS) 
is closely linked Co WNTJ on human chromosome I7q2l. 
Genomics 1997. 46:450-458, 

This paper describe) the donii^ and mapping of human wnTM and 
WNT 1 5 and show that WNT 1 3 (VvTv77n) is expressed in mammary 
tissue. 

127. McWrwter R Neutcbootn ST, Warvcewia CV. Monia BP, Oowninj JR, 
Murre C: Oncogenic home* do main transcription factor ssZA- 
Pbxl aetlvateB a novel WNT gene In pre-A acute lymphobtaa- 
tcMd leukemia. Proc NaUAcad Sd USA 1999, 96i I I4e4-1 14*9, 

The authors criaractcmc the human WNT 16 gene and show ihat il is 
activated by the ETA-Pbxl lusinn t^ol tin tn pre -6 acute rymphoblas ■ 
toid leukemia. WNT 16 is normal)/ expressed n the spleen, appendix, 
and lymph node*, but not bi bone marrow. However, WNTt6 trarv 
kcripts arc highly expressed in bone manrew and ccD lines derived from 
pre-B ALL patxmts carrying the E7Ar*bx| fution suggesting that inap- 
propnate e^retsien of WNTt6 plays a role « leiikcmu. 
IIS. Fear MW, Kelsoll OF. Spurr NK. Barnes MR: Wnt- lea, e novel 
Wne-16 Isoform, which shows differential expression In adult 
human tissues. Bfocftern fltophys Res Common 2000. 27B.8 14-620. 
The authors map human WNTI 6 to 7q3l and characterize the differ- 
ential expression of two distinct WNTS6 isofonms. The isoforms wen- 
shown to ut#2a diBerent 5'4JTRs and first c*cns. 

129. McHahon AP. Gavtn Bj, Parr B, Bradley A, McMahon JA: The Wnt 
family or cell signalling molecules an postlmpUntatlon devel- 
opment of the mouse. Obc Fwnd Sywp 1992. 1*5:199-214. 

This paper W imm«ii2es the phenotype of the Wnt buxkoul mke. Sec 

130. Masdck GS, Fan CM. Tessier-Lavlxne M, SerbedzJja CN, McMahon 
AP. Easter SS, Jr.- Early deletion of neuromeres In Wnt-K 
mutant mlcer evaluation by morphological and molecular 
markers- J Camp Neurol 1996, 174:246-258. 

This paper builds on [74] and provide* & detailed characterization of The 
phenotype of Wnt J deficient mice focusing on possWe perturtiations in 
vtnjcujrti adjacent to the presurnpirve midbrain and fcn-hdlLtm. 
III. Ikeya M. Ue SM, Johnson JE. McMahon AP, Takada S: Wnt sig- 
nalling required for exp&nalon of neural crest and CNS 
progenitors. Nature 1997, 3B9j9eA-970. 

The authors show that mice mutant for both Wnt/ and WhcJoshowa 
dramatic decrease in the number of neural crest progenitors, normally 
derived from the dorsal neural tube. 
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I32> Monkley Sj. 0*lan«y SJ, PennhJ DJ. Christiansen JH, Wainwright BJ: 
Targeted disruption of thq Wnt2 gene results In plaxenta- 
tion defect*. Devebpmnr* 1996, 122:3343-5353. 
Thit paper examines the phenocype of whtf knockout nice, and show 
that mine lacking Vvhrf display aiming and approvingly h0% t*cd 
perinatally. Mutant mire were found to have defect* in the size and 
structure the placenta with notable perturbation of the vasculamaticn 
of the placenta. 

133. MUlir SE. Wlllert K. Salinas PC *oe«nk H, Nuue R, Suisman Dj, 
Birth GSt WNT s Ignallnf In the control pf hair growth and 
structure, OcvfiJo/ 1999. 207r 133-1 49. 

This paper thows that uverettpression of Whtf .n *kn of transgenic 
mise nrsuHs in a short hair phenotype implicating Wht o#uling in 
growth. Overop^js^on of Dishevelled-^ (Dvl2) in ciirfr root sheath 
tdh mimicked this phenotype. 

134. Klihimoto J, Burton MS, Morgan BA Wnt fign&ffrtg maintains 
the hal ^Inducing acttvlcy of the dermal papilla. Genes Der 
2000.14:1181-1185. 

The authors show that specific Whi fiene* can maintain anagen-phase 
gene exprecioft in isolated dermal papiDa cells in vrtro *rid h*ir induc- 
tive scWty in a skin reconstitution assay. 

135. Takada S, Stark K.L, She*. MJ. VattiUv* G, McMahon JA, McMahon 
AP: Writ- 3 n regulate* umlta and taflbud formation b the 
mouse embryo. Gcnei Dev 1994, Br 174- 1 $9. 

This paper and [1 26] derfnbe thr phertntype of mice lacking the Wnf.to 
gene Wntte* embryos lade caudal somites, how 0 dhnjptctf noto- 
chord and fail to form * taifoud. Mutant mice also possess an ectopic 
neural tube iuggc&tmg that Wnf 3c plays a criuu' role h *pedlying 
parangl mesoderm and that in its absence these cdls adopt neural fates. 

136. YoshOcawa Y. Fujimori T, McMahon AP, Takada S: Evidence that 
absence of Wnt-3a signaling promote? newralization instead 
of paraxial metoderm development In the mouse. Dev &W 
1997, 183:234-242. 

See LI J5J. 

13?. Yamaguchl TP. T*kad» S, Ymhikawa Y, Wu N, MeMahon AP: T 
(Brachyvry) If a direct target of Wn(3* during paraxial 
mesoderm specification. Gene* Ocv 1999, U:3 185-3 190. 
. This pupcr show? that the T-box gene, b/ochyuiy. b d©v-n regulated in 
mice i acWng Wfritfa Tit/agenic jjnulyais of the tvechywy promoter 
further dcmorKtrate* that brocnyun/ is a direct target of the Wnt 
pathway acting downstream of Wht3a 

138. Lee SM, Tole S, Grov* E. McMahon AP: A local Wnt-3a signal Is 
required for development of the mammalian hippocampi*, 
DercJopmei* 2000, 127^57-467. 

The authors examine the role of Wnt3o in *e developing brain and 
show that in mice lacking WnOa, caudometfial pmgfitator eels in the 
cerebral cortex underproLfcralc, mid-gestation, this defect leads to 
the absence o* the hippocampus or very vrmB pppufctioh* o4 residual 
Nppocampal cells. 

139. Yamtfvchi TP, 8r?dl«y A, McMahon AP, Jones 5: A WntSa 
pathway underlies outgrowth of multiple structures in the 
vertebrate embryo, Development IW, I26M21 1-1223. 

The authors characterize the phenotype W/vOa knockout mice 
shov*ing thai Wni5o is n-quired for appropriate jmawth of a vanery or 
nmjcs including the anterior-posieiior aies. imtK. and devetoping face, 
cars and flenitak 

140. Parr BA Avery €), CyganJA. McMahon APt The clMsScal mouie 
mutant post axial hemlmaBa retutti from a mutation In the 
Writ 7a gene Dcr Bkt I99B, 202:228-234. 

Thi^ paper examines the molecular defen undcHying the postanal 
hem<meftj (px> mutant and show by morphological anafysb and breed- 
ing experiments that the p* phenotype is caused by a mutation in the 
Wrtf7o gent Moleeukr analyse demonstrates that par mice harbor a 
S 1 5-bp ddrtinn in me V^it?o gene that results in the production nf n 
toncatcd Wht7o protein, 

|4|. Miller C S&isoon DA Wite-7a malm>jns appropriate uterine 
patterning during the derdopincnt of the mouse female 
reproductive tract. Gereioptntwt 1996. 125:3201-3211. 
Trus paper examines the defects associated vWth loss of the Wm7c 
gene in female mice. The suthort demtinitrdle that Wu7o is required 
for appr epiiate patterning of the oviduct and uterus as well as dSiorsja- 
niratlun pf the uterine smooth musdc, 

142. Parr BA, Cornish VA, Cybulsky Ml, McMahon AP WntTb regulates 
placental development In mice, Dcvfiw/2001, 237^24-332. 
Thft pipers shew* mar targeted dsruption of the mou»e Wn\7h gmr 
resuft? in placental detects induding inhibition of the normal fusion of 
the chorion and allantois, perhaps due in thr km of integrin alpha- 1 



I43. Row SC, Hemati N, Congo KA Bennett CN. luew PC eridtson RL, 
riacOougald OA* Inhibition of adlpogenc&ts by Wnt signaling. 
Soence 2000, 289:950-953. 

The authors thnw that Wnl j"n*rwfinij rnainuirts preadipocytes in an 
uncfifferentQted State through inhibition of pr^pogenic-prornoling Ultn- 
5cri prion factors, 
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